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Ethnopharmacological relevance: Salvia sahendica has been traditionally used for antibacterial, anti-fungal, and
anti-cancer purposes and treatment of dyspepsia in many parts of Iran.
Aim of the study:Our aimwas to investigate themechanismbywhichdaucosterol aβ-sitosterol glycoside isolated
from S. sahendica induced apoptosis against human breast adenocarcinoma MCF-7 cells.
Methods:MCF-7 cells were treatedwith 5, 10, 20 and 40 μMof daucosterol for 24 h, and proliferation, cytotoxicity,
and apoptosis in human breast adenocarcinomaMCF-7 cells were examined by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, lactate dehydrogenase (LDH) leakage assay, acridine orange
(AO)/ethidium bromide (EB) double staining and ﬂow cytometry. Phosphoinositide 3-kinase (PI3K), p-Akt,
poly (ADP-ribose) polymerase (PARP), Bax, Bcl2, phosphatase and tensin homolog deleted on chromosome 10
(PTEN) and cytochrome c were analyzed by western blotting and mRNA expression of PTEN was detected by
RT-PCR.
Results: The results showed that daucosterol suppresses the proliferation and induces the cell cytotoxicity of
MCF-7 cells in a dose-dependent manner. Cells treated with different concentrations of daucosterol also showed
changes typical of apoptosis:morphological changes andDNAdamage. Further analysis revealed amodulation of
Bax, Bcl2, and PARP as well as losing mitochondrial membrane potential, and cytochrome c (Cyt c) release in
breast cancer cells induced by daucosterol. Our results also showed that cell death in MCF-7 breast tumor cells
was achieved through the induction of apoptosis via upregulation of the PTEN gene and inhibition of the PI3K/Akt
pathway. To further explore the proapoptotic mechanism of daucosterol, we investigated the role of the reactive
oxygen species (ROS) in the apoptosis induced by daucosterol in MCF-7 cells. The generation of ROS was about 6
to 8-fold as compared to control cells after treatment with daucosterol (20 and 40 μM) for 24 h. Glutathione
(GSH) depletion was consistent with ROS generation after treatment with daucosterol. Reversal of apoptosis in
antioxidant (NAC and catalase) pretreated cells indicated the involvement of ROS in daucosterol-induced
apoptosis.
Conclusion: Taken together, our results suggest that daucosterol signiﬁcantly inhibits the growth and induces the
apoptosis of human breast cancer cells in vitro.© 2014 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
The apoptotic mode of cell death is an active and deﬁned process
which plays an important role in the development of pathogenesis of
diseases including cancer (Wong, 2011). During the past decade,, Dulbecco's Modiﬁed Eagle's
drial membrane potential; MTT,
romide; NAC, N-acetylcystein;
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-inositol 3-kinase; ROS, reactive
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hts reserved.numerous reports have proven that many cancer chemotherapeutic
agents kill the cancer cell by inducing apoptosis. Natural products play
an important role in the discovery of novel lead compounds and new
chemical entities, and much effort has been directed toward the search
for compounds or herbs that kill tumors (Amin et al., 2009).
Plant-derived sterols (phytosterols) are essential phytochemicals that
resemble cholesterol in structure and function with a slight difference at
the C-24 position containing an additional ethyl group which is enriched
in plant foods such as nuts, peanuts, sesame seeds, soybean seeds, and
unreﬁned plant oils and grains as well as their products such as corn-
ﬂakes, wheat bran, and wheat germ (Bradford and Awad, 2007).
About 44 phytosterols have been identiﬁed to date, with major forms
existing in higher plants constituted by β-sitosterol, campesterol, and
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of the anticancer function have shown that a diet containing 2% mixed
phytosterols inhibits cancer cell growth, reduces tumor size, and
decreases the incidence of colon, breast, and prostate cancers induced
by speciﬁc carcinogens (Raicht et al., 1980; Deschner et al., 1982;
Janezic and Rao, 1992; Awad et al., 1997). In addition, β-sitosterol and
its glycoside have been shown to exhibit anti-inﬂammatory, anti-
neoplastic, and immunomodulating activities (Patrick and Lamprecht,
1999). Moon et al. (2008) suggested that β-sitosterol induces
endo-reduplication by promoting spindle microtubule dynamics
through the Bcl-2 and PI3K/Akt signaling pathways. Regarding the
immunomodulating activity, T-lymphocytes activated by these sterols
increase production of cytokines belonging to the Th1 type proﬁle and
decrease cytokines associated with the Th2 type cells (Boulic et al.,
1996; Patrick and Lamprecht, 1999; Lee et al., 2007).
In the present study, we selected daucosterol, a β-sitosterol
glycoside, isolated from an endemic medicinal plant of Iran, Salvia
sahendica (Labiateae) (Mozafarian, 1996) which is traditionally used
for antibacterial, anti-fungal, and anti-cancer purposes and treatment
of dyspepsia in many part of Iran (Lotﬁpour et al., 2007). In addition,
the essential oils and various extracts of S. sahendica were found to
have antioxidant potential (Salehi et al., 2007). In our recent study,
we revealed that S. sahendica can protect PC12 cells from cell death
and its presence could regulate cellular redox status and endoplasmic
reticulum stress (Shaerzadeh et al., 2011a, 2011b). Khodagholi and
colleagues' investigations suggested that the use of S. sahendica could
open a new protective issue in therapeutic ﬁelds of neurodegenerative
disease due to that it attenuates acetylcholinesterase activity and
memory deﬁcits and increases mitochondrial transcription factor A
and antioxidant proteins in the hippocampus of amyloid beta-injected
rats (Foolad and Khodagholi, 2013; Khodagholi and Ashabi, 2013).
However, the exact molecular mechanisms by which daucosterol in-
duces apoptosis in MCF-7 cells have not yet been fully elucidated.
Also, there are no reports about the effect of daucosterol on apoptosis
in breast cancer cells in vitro. The objectives of this study were to inves-
tigate the effect of daucosterol on proliferation and apoptosis in MCF-7
breast cancer cells in vitro and to study the possible mechanisms of
action involved.
2. Materials and methods
2.1. Chemical and reagents
Propidium iodide (PI), acridine orange and ethidium bromide were
purchased from Sigma-Aldrich chemical Co. (St. Louis, MO, USA). 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Dulbecco's Modiﬁed Eagle's Medium (DMEM) and fetal bovine serum
(FBS) were purchased from Gibco BRL (Life Technologies, Paisley,
Scotland). Annexin V-FITC apoptosis detection kit was procured from
Invitrogen (Carlsbad, CA, USA). Anti-Bcl-, anti-Bax, anti PTEN, anti-poly
ADP ribose polymerase (PARP), anti-Akt, anti-phospho-Akt (Ser 473),
and anti-phospho-phosphatidylinositol-3-kinase (PI3K) (Tyr458/
Tyr199) and anti-PI3K antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA). All the other chemicals used were of
research grade.
2.2. Plant material
The aerial parts of S. sahendicaBoiss & Buhsewere collected between
Tabriz and Bostan Abad, East Azerbaijan Province, Iran in June 2006 and
identiﬁed by Dr. G.R. Amin. A voucher specimen was deposited at the
herbal museum of the Faculty of Pharmacy, Tehran University of Medical
Science. The plant aerial parts were air-dried, protected from direct
sunlight, and then powdered. The powder was kept in a closed container
in a cold room.2.3. Extraction, isolation and structure evaluation
Daucosterol (Fig. 1) was puriﬁed as colorless needles from the aerial
parts of S. sahendica, as described previously (Moghaddam et al., 2010).
Brieﬂy, the air-dried aerial parts of S. sahendica (3 kg) were extracted
withMe2CO (7 × 5 l) bymaceration at room temperature. The combined
solutions were concentrated to dryness and the residue (200 g) was
triturated with MeOH to remove waxy components. The MeOH-soluble
portion (180 g) was subjected to a silica gel column chromatography
and eluted with a gradient of n-hexane-EtOAc (100:0 to 0:100) followed
by increasing concentrations of MeOH (up to 5%). After screening by TLC,
fractionswith similar compositionwere pooled together to yield 27 com-
bined fractions. From fraction 27 (11 g) a crude solidwas obtained,which
was triturated with MeOH to give daucosterol (1.9 g). 1H and 13C NMR
spectra were recorded on Bruker DRX 500 spectrometer, using the resid-
ual pyridine-d5 signals as references. The structure of daucosterol was
established by comparison of its 1H NMR and 13C NMR data with those
of literature values.
2.4. Cell culture
The human breast adenocarcinoma cells (MCF-7) and human non-
cancer lung ﬁbroblast cell line (MRC-5) were purchased from National
Cell Bank of Iran (NCBI), Pasteur Institute of Iran (Tehran, Iran), andmain-
tained in DMEMmedium supplementedwith 10% fetal bovine serum and
100 U/ml penicillin and 100 μg/ml streptomycin. The cells were grown as
monolayers at 37 °C in humidiﬁed atmosphere with 5% CO2 and 95% air.
2.5. Cell viability assay
Cell viability was determined using the MTT assay. Brieﬂy, 2.5 × 104
cells in logarithmic phase were seeded in 96-well plates at 37 °C with
5% CO2 for overnight incubation and treated with appropriate concentra-
tions of test samples for the indicated times. The cells were then incubat-
ed with a serum-free medium containing MTT at a ﬁnal concentration of
0.5 mg/ml for 4 h. The dark blue formazan crystals formed in intact cells
were solubilized in dimethyl sulfoxide, and the absorbancewasmeasured
at 570 nm. Results were expressed as the percentages of reduced MTT,
assuming the absorbance of control cells as 100%.
2.6. Lactate dehydrogenase (LDH) release assay
LDH activity was assayed spectrophotometrically following the
decrease in absorbance of NADH at 340 nm by LDH assay kit (Pars
Azmoon, Iran). The percentage of LDH released from the cells to the
culture medium was calculated according to following formula: % LDH
released = (LDH in culture medium / LDH in culture medium + LDH
in cell lysates) × 100.
2.7. Intracellular ROS levels assay
The production of ROS was monitored by ﬂow cytometry using
20,70-dichloroﬂuorescein diacetate (DCFH-DA) staining. This dye is a
stable compound that readily diffuses into cells and is hydrolyzed
by intracellular esterase to yield DCFH which is trapped within
cells. Hydrogen peroxide or low-molecular weight hydroperoxides
produced by cells oxidize DCFH to the highly ﬂuorescent compound,
20, 70-dichloroﬂuorescein (DCF). Thus, the ﬂuorescence intensity is
proportional to the amount of peroxide produced by the cells (Ko
et al., 2004). In the present study, cells were pretreated with various
concentrations of daucosterol and after 24 h, the cells were treated
with 10 μM DCFH-DA for 30 min. Then the compound-treated cells
were washed twice with PBS to remove the extracellular compounds,
and DCFH-DA green ﬂuorescence was detected using ﬂow cytometry
(Partec PAS, Germany).
Fig. 1. Chemical structure of daucosterol.
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The extent of apoptosis was measured through annexin V-FITC/PI
apoptosis detection kit (Invitrogen, CA, USA) as described by the
manufacture's instruction. After exposure to daucosterol for 24 h, cells
were collected, washed twice with PBS, gently re-suspended in
annexin-V binding buffer and incubated with annexin-V-FITC/PI in the
dark for 10min and analyzed byﬂow cytometry (Partec PAS, Germany).
2.9. Analysis of DNA fragmentation
The cells were treated with different concentrations of daucosterol
and lysed on ice in a buffer containing 10 mM Tris–HCl (pH 7.4),
150mMNaCl, 5mMEDTA, and 0.5% Triton X-100 for 30min. The lysates
were vortexed and cleared by centrifugation at 10,000 g for 20 min. The
fragmented DNA was extracted with the apoptotic DNA ladder kit
(Invitrogen, CA, USA) according to themanufacturer's instruction and an-
alyzed electrophoretically on 11.2% agarose gel containing 0.5 mg/ml
ethidium.
2.10. AO/EB and Hoechst staining assay
Acridine orange/ethidium bromide (AO/EB) double ﬂuorescent dyes
were used to qualitatively observe apoptotic cells. AO can emit a green
ﬂuorescence if it passes through the complete cell membrane and
embeds in nuclear DNA while EB can mark nuclear DNA of damaged
cells and emit a red-orange ﬂuorescence. Daucosterol-treated cells
were added into 60 μl AO/EB (100 μg/ml AO: 100 μg/ml EB = 1:1) and
then immediately observed and photographed by an inverted ﬂuores-
cence microscope (Zeiss, Germany). Nuclear morphological changes
were assessed using the Hoechst dye 33342 (Invitrogen, H3570). Cells
were washed with PBS and incubated with Hoechst 33342 (1:1000) for
5 min at room temperature. Nuclei were visualized using an Olympus
microscope.
2.11. Determination of total intracellular GSH
Monochlorobimane (mBCl), which is a UV ﬂuorogen bimane probe,
reacts speciﬁcally with GSH through glutathione transferase to form a
ﬂuorescent derivative. The 10 mM stock solution (in 95% v/v ethanol),
stored at 4 °C, was diluted in Ca2+ and Mg2+ free PBS. In the present
study, cells were pretreated with various concentrations of daucosterol
and incubated at 37 °C for 24 h. The mBCl diluted solution was added
directly to the living cells in plates for 15 min as previously described
(Osseni et al., 2000). After incubation, cells were washed twice
with PBS and ﬂuorescence was measured at an excitation wave-
length of 360 nm and emission wavelength of 480 nm by using
Varian-spectroﬂuorometer, model Cary Eclipse.2.12. Measurement of mitochondrial membrane potential (MMP)
Themitochondrialmembrane potential (MMP)wasmeasured using
the mitochondria-speciﬁc lipophilic cationic ﬂuorescence dye JC-1. As a
monomer, JC-1 is capable of selectively entering the mitochondria.
Under normal conditions, JC-1 aggregates within the mitochondria
and emits red ﬂuorescence, but when the MMP collapses during
apoptosis, JC-1 emits green ﬂuorescence. The ratio of red to green JC-1
ﬂuorescence reﬂects the change in MMP. Cells were seeded into
96-well polystyrene culture plates and treated with different concen-
trations of daucosterol. After 24 h, 100 μl of medium was removed
from each well and 100 μl of 5 μg/ml JC-1 was added to the cells for
1 h. Finally, cells were washed twice with PBS and then analyzed by
ﬂuorescence microplate reader (Molecular Devices Co., CA, USA).
2.13. Isolation of mitochondrial and cytosolic fractions
Mitochondrial and cytosolic fractions were prepared as described
previously (Mihara andMoll, 2003)withminormodiﬁcations. Generally,
MCF-7 cells were pretreated with daucosterol for 24 h, and then, re-
suspended in solution containing buffer A (10 mM 4-(2-hydroxyethyl)-
piperazineethanesulfonic acid (HEPES), 10 mM KCl, 1 mM EDTA, 1 mM
EGTA, 68 mM sucrose, 220 mMmannitol, and 0.1% BSA, supplemented
with protease inhibitors (1 mM phenylmethylsulfonyl ﬂuoride (PMSF),
2 μg/ml aprotinin, and 0.1 mM leupeptin) for 30 min in ice to incubate.
After that, cells were triturated by a 27 gauge syringe (25–40 strokes)
to become homogeneous and then centrifuged at 200 ×g for 2 min to
omit unbroken cells. Supernatants phase (500 μl) were then transferred
to a new tube and centrifuged at 7000 ×g for 15 min to pellet all the
mitochondria. The supernatants were centrifuged at 16,000 ×g for
30 min and collected as cytosolic fractions. Mitochondrial fraction was
subsequently solubilized in TBSTDS (10 mM Tris (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.05%
SDS, 0.02% NaN3, 0.0004% NaF) containing protease inhibitors. These
steps were performed at 4 °C and thenmitochondrial and cytosolic frac-
tions stored at−70 °C till use.
2.14. SDS-PAGE and Western blot analysis
The cells were initially seeded at a density of 1 × 106 in 100-mm2
dishes. After treatment with selected doses of daucosterol for the indi-
cated times, adherent cells were collected for protein extract prepara-
tion. Brieﬂy, the cells were lysed with RIPA buffer then nuclear and
cytoplasmic extracts were separated using NE-PER nuclear and cyto-
plasmic extraction reagents (Thermo Scientiﬁc, Waltham, MA, USA).
Equal amounts of lysate (based on the protein contents) were then
separated using SDS-PAGE, blotted onto polyvinylidene di-ﬂuoride
membranes, reactedwith speciﬁc primary antibodies, and then visualized
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bands were detected using the ECL method and visualized on Kodak
Bio-MAX MR ﬁlm.2.15. Quantitative real-time RT-PCR
Total RNAwas isolated from control cells and cells treatedwith 20 or
40 μM daucosterol for 24 h according to the manufacturer's protocol
using Trizol reagent (Invitrogen). The resultant RNA samples were
treatedwith RNase-freeDNase (Ambion, Austin, TX, USA) to remove ge-
nomic DNA contamination. The purity of total RNA and its integrity
were conﬁrmed by measuring absorbance ratios at 260/280 nm using
an ND-1000 NanoDrop (NanoDrop Technologies, DE, USA). Only those
RNA samples that showed an absorbance ratio ranging from 1.8 to 2.1
were used to synthesize cDNA. Real-time quantitative PCR was con-
ducted with a Light Cycler real-time PCR detection system from Roche
Diagnostics GmbH using SYBR Green I as the detection dye. Speciﬁc
primerswere used as PTEN forward, 5′-gacgggaagacaagttcat-3′, reverse,
5′-ggtttcctctggtcctggt-3′; GAPDH forward, 5′-cgaccactttgtctgtcaagctca-3,
reverse, 5′-cccctcttcaaggggtctac-3′. The PCR cycling parameters were set
as follows: 94 °C for 3 min followed by 45 PCR reaction cycles at 94 °C
for 30 s, 50 °C for 30 s and 72 °C for 30 s. Relative gene expression quan-
tiﬁcations were calculated according to the comparative Ctmethod using
GAPDH as an internal standard.2.16. Statistical analysis
All results shown representmeans± SD from triplicate experiments
performed in a parallel manner unless otherwise indicated. Statistical
analyses were performed using an unpaired, two-tailed Student's
t-test. All comparisons are made relative to untreated controls and sig-
niﬁcance of difference in means is measured at *p b 0.05 and **p b 0.01.Fig. 2. 1H NMR of daucosterol3. Results
3.1. Identiﬁcation of daucosterol
1H and 13C NMR spectra were recorded on Bruker DRX 500 spec-
trometer, using the residual pyridine-d5 signals as references. The
structure of daucosterol was established by comparison of its 1H NMR
(Fig. 2) and 13C NMR (Fig. 3) data with those of literature values
(Schwarzmaier, 1972; Moghaddam et al., 2007). Daucosterol: colorless
needles, mp 275–277 °C; 1H NMR (500 MHz, C5D5N) δ 5.32 (1H, m,
H-6), 4.99 (1H, d, J = 7.7 Hz, H-1′), 4.50 (1H, dd, J = 11.6 Hz, 2.1 Hz,
H-6′β), 4.36 (1H, dd, J = 11.7 Hz, 5.2 Hz, H-6′α), 4.23 (2H, m, H-3′,
H-4′), 4.00 (1H, t, J = 7.9 Hz, H-2′), 3.93 (1H, m, H-5′), 3.90 (1H, m,
H-3), 0.96 (3H, d, J = 6.4 Hz, Me-21), 0.91 (3H, s, Me-19), 0.87 (3H,
t, J = 7.3 Hz, Me-29), 0.85 (3H, d, J = 6.8 Hz, Me-26), 0.83 (3H,
d, J = 6.9 Hz, Me 27), 0.64 (3H, s, Me-18); 13C NMR (125 MHz,
C5D5N, based on DEPT, HMQC, HMBC experiments) δ 38.8t (C-1), 33.5t
(C-2), 79.8d (C-3), 41.3t (C-4), 142.2s (C-5),123.2d (C-6), 31.6t (C-7),
33.4d (C-8), 51.7d (C-9), 38.2s (C-10), 22.7t (C-11), 40.7t (C-12), 43.8s
(C-13), 58.1d (C-14), 25.8t (C-15), 29.9t (C-16), 57.6d (C-17), 13.5q
(C-18), 20.7q (C-19), 37.7d (C-20), 20.3q (C-21), 35.5t (C-22),
27.7t (C-23), 47.4d (C-24), 30.7d (C-25), 21.3q (C-26), 20.5q (C-27),
24.7 (C-28), 13.3q (C-29), 103.9d (C-1′), 76.7d (C-2′), 79.9d (C-3′),
73.0d (C-4′), 79.4d (C-5′), 64.1t (C-6′).2.5.
3.2. Inhibition of cell viability by daucosterol in MCF-7 cells
The cytotoxicity of daucosterol against MCF-7 cells was deter-
mined by the MTT assay. Treatments with daucosterol in a dose-
dependent manner (5–80 μM) resulted in signiﬁcant (p b 0.01) inhibi-
tion in cell viability, by 16%, 35%, 52%, 56% and 60%, respectively
(Fig. 4A). The maximum inhibition of cell growth and survival (~60%)
was observed in cells treated with 80 μM of daucosterol. Fig. 4 also
shows the effects of daucosterol on LDH release from MCF-7 cells(pyridine-d5, 500 MHz).
Fig. 3. 13C NMR of daucosterol (pyridine-d5, 125 MHz).
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paredwith vehicle samplewhen the cellswere treatedwith 5, 10, 20, 40
and 80 μM daucosterol for 24 h, respectively (Fig. 4B). MRC-5 cell lineFig. 4. Effect of different concentrations of daucosterol on cell viability. MCF-7 cells were
treated with daucosterol and cell viability was measured by MTT and LDH assay at 24 h.
Values are mean ± SD of three determinations. Values are signiﬁcantly different from
vehicle at *p b 0.05, **p b 0.01.has been used as a normal cell model in many similar studies (Cheng
et al., 2006; Bézivin et al., 2003). In the current study, daucosterol in a
dose of 5–200 μMwas tested against MRC-5 normal cells and only the
dose of more than 100 μM showed cytotoxicity at 48 and 72 h along
with the reduction of the cell viability to 20 and 35%, respectively
(data not shown). Next, we sought to determine the mechanism of
anti-tumorigenicity of daucosterol in MCF-7 cells.
3.3. Induction of cell death by daucosterol in MCF-7 cells
In order to evaluatewhether the cytotoxic effect of daucosterol upon
MCF-7 cells was due to its effect on apoptosis, we further investigated
the effects of daucosterol on inducing programmed cell death. To deter-
mine the occurrence of apoptotic cell death caused by daucosterol
treatment, the cell morphological changes, DNA fragmentation and
phosphatidylserine (PS) externalization were examined. There are
three phases of changes of nuclear chromatin during apoptosis: in
phase I, the nuclei are rippled or creased and a part of the chromatin
is condensed. In phase II a, the chromatin is highly condensed and
marginalized. In phase II b, the nuclei break into fragments and form
apoptotic bodies. Acridine orange is a cell membrane permeable dye
that binds DNA and RNA andmaking it a suitable probe to assess changes
in nuclear morphology. After treatment with daucosterol (20 and 40
μM), chromatin gradually became condensed and marginalized
(Fig. 5A). Treated MCF-7 nucleus shows fragmentation and formed apo-
ptotic bodies resulting to a signiﬁcant decrease in cell viability (Fig. 5B).
An important feature of cell apoptosis is the fragmentation of genomic
DNA into multiples of 180–200 bp units producing a characteristic
ladder-like on agarose gel electrophoresis. Characteristic DNA ladder
was apparent in MCF-7 cells incubated with daucosterol at 20 and 40
μM for 24 h (Fig. 5C). A higher dose of 80 μM showed no further DNA
laddering than 20 and 40 μM doses (data not shown). Apoptotic cell
deathwas further determined by annexin V staining of phosphatidyl ser-
ine exposure on the cell surface, assessed by ﬂow cytometry. This meth-
od assesses the total number of cells that have exposed phosphatidyl
serine during apoptosis and/or lost plasma membrane integrity. As
Fig. 5.Daucosterol induces cell death inMCF-7 cells. Cells were treatedwith daucosterol at the indicated concentrations for 24 h. (A) cells were stainedwith AO/EB or DAPI and thenwere
photographed by ﬂuorescence microscopy (400×magniﬁcation) (arrows point to fragmented nuclei). Condensed nuclei could be observed in the daucosterol-treated group as indicated
by the arrows. (B) Percentage of apoptotic cells after treatmentwith daucosterol at different concentrations. (C) DNA fragmentation was determined using DNA ladder extraction kit.
(D) Apoptosis was assessed by Annexin V-PI double staining (A: untreated cells; B-D: treated cells with 20 and 40 μM daucosterol, respectively).*p b 0.05 versus control.
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daucosterol led to a concentration-dependent externalization of
phosphatidylserine (PS), a hallmark of the apoptosis. Annexin V(+)/
PI(−) and annexin V(+)/PI(+) represent the cells in early apoptosis
and late apoptosis/necrosis, respectively. The lower left quadrant
contained intact cells, the lower right quadrant early-apoptotic and
the upper right quadrant late-apoptotic or necrotic cells. As shown in
Fig. 5D, we compared daucosterol (20 and 40 μM) treated MCF-7 cells
with vehicle treated controls and expressed the percentages of late
apoptotic cells that were increased from 2% to 11.6 and 32.8%, respec-
tively. These results show major hallmarks of apoptotic cell death
and demonstrate the ability of daucosterol to induce apoptosis in
MCF-7 cells.
3.4. PARP cleavage, cytochrome c release and induction of mitochondrial
dysfunction, an indication of caspase 3 activation in daucosterol treated
MCF-7 cells
To explore the mechanism of apoptotic signaling pathway involved
in daucosterol in MCF-7 cells treated with daucosterol, the release of
mitochondrial cytochrome cwas investigated,which is known to be fre-
quently involved in a chemically induced apoptotic signaling pathway
(Jiang andWang, 2004) and the resultant activation of caspase cascade
involving caspase-9 and caspase-3, leading to PARP degradation
(Goping et al., 1998).We found that the levels of cytochrome c released
from mitochondria increased dose dependently in the presence ofdaucosterol in the 20 and 40 μMdoses (Fig. 6A). As a downstream target
of active caspase-3 during induction of apoptosis, is PARP andwe found
PARP cleavage [expressed as cleaved/uncleaved poly (ADP-ribose)
polymerase] increased (Fig. 6B). Substantial evidence support that
Bcl-2 family members regulate the release of mitochondrial proteins
(reviewed by Jiang and Wang, 2004; Shimizu et al., 1999). The Bcl-2
family can be divided into two subgroups, pro-death members and
anti-death members. Among the pro-death members, Bak and Bax
have been categorized as the last gateway of cytochrome c release,
and their homo-oligomerization on the mitochondrial membrane is
essential for release, while the anti-apoptotic Bcl-2 members prevent
mitochondrial protein release by interacting with and inhibiting both
Bak and Bax (Jiang and Wang, 2004). In the present study, we found
that daucosterol treatment signiﬁcantly increased the level of the pro-
apoptotic protein Bax (Fig. 6B). In contrast, the level of the anti-
apoptotic protein Bcl-2 decreased (Fig. 6B). Since an increased ratio of
Bax/Bcl-2 can exacerbate cytochrome c release hence increase in apo-
ptosis, our data in this study demonstrate that daucosterol-induced ap-
optosis take place via mitochondrial pathway (intrinsic apoptotic
pathway) and cytochrome c-dependent activation of the caspase
cascade, including caspase-3. Change in mitochondrial membrane
potential (Δψ) is one of the early events leading to mitochondrial func-
tional alterations. Therefore, the role of themitochondrial-mediated ap-
optotic pathway in daucosterolmediated cell deathwas also the subject
of this study. Upon incubation of MCF-7 cells with daucosterol (20 and
40 μM) for 24 h, the mitochondrial membrane potential was found to
Fig. 6.A)Daucosterol alters themitochondrialmembranepotential (Δψm)and the cleavageof PARPand induces cytochrome c release, andmodulationof theBcl-2 family. The cellswere treated
with daucosterol at indicated concentrations for 28 h. After treatment, (A) the cytochrome c expression in cytosol was measured by western blotting. (B) The cleaved PARP and Bcl-2 and Bax
levelswere detected by immunoblotting. Β-actin andα-tubulin house-keeping proteinswere used for loading control. The graph shows the ratio of Bax/Bcl-2 values. The densitometric analysis
shows themean±SDof three independent experiments. (C) Loss ofmitochondrialmembrane potential (Δψm)after daucosterol treatment inMCF-7 cells for 24 h. The ratio of red to green JC-1
ﬂuorescence reﬂects the change in mitochondrial membrane potential. (*p b 0.05, **p b 0.01 versus control group).
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OD585/OD538 ratio indicated that the mitochondrial membrane potential
has collapsed. Mitochondrial cytochrome c release is a consequence of
mitochondrial membrane permeability transition and a known trigger
for the intrinsic apoptotic cascade. Daucosterol (40 μM) caused a signiﬁ-
cant release of cytochrome c from mitochondria to the cytosol fraction
(more than 3 fold) as compared to the vehicle treated controls (data
not shown).3.5. Induction of the ROS and GSH depletion by daucosterol
The generation of intracellular ROS and depletion of GSH are always
associated with mitochondria and its MMP and cell apoptosis (Lopez
et al., 2006; Xiong et al., 2006). Therefore, we examined the levels of
ROS andGSH inMCF-7 cells treatedwith daucosterol. ROSwasmonitored
by the oxidation sensitive ﬂuorescent dye DCFH-DA. A dose-dependent
increase in DCF ﬂuorescence was detected in daucosterol-treated cells
(Fig. 7A). The ﬂuorescence intensity was increased 4-fold after 24 h of
daucosterol treatment at 40 μM. We also analyzed changes of the GSH
level in MCF-7 cells using NDA ﬂuorescence. Daucosterol caused a signif-
icant decrease in the intracellular GSH content after 24 h treatment
(Fig. 7B). To verify the relationship between ROS generation and cell
toxicity, we examined the effects of ROS scavengers, NAC (well-known
antioxidant and GSH precursor) and catalase (CAT, a H2O2-scavenging
enzyme), on daucosterol-induced cell death. The cells were treated with1 mM NAC or 2000 U/ml catalase for 30 min, and then the change of
MMP and cell toxicity were determined. As shown in Fig. 7C, both
NAC and catalase inhibited the loss of MMP, ROS generation and GSH
depletion and protected cells from daucosterol cytotoxicity. These re-
sults indicate that ROS accumulation caused MMP disruption and
mediated daucosterol-induced MCF-7 cell apoptosis.3.6. Daucosterol inhibits the PI3K/Akt pathway and increases the mRNA
of PTEN
Akt is known to be a downstream effector of PI3K that mediates
survival signaling. To elucidate whether daucosterol regulates phos-
phorylation or dephosphorylation of the PI3K/Akt signal pathway, we
performed Western blots and real time PCR techniques to detect the
effect of daucosterol on PI3K/Akt phosphorylation, PTEN level and
mRNA expression of PTEN in MCF-7 cells. Akt and p-Akt (phospho-
speciﬁc Ser 473 Akt antibody) levels were measured by immunoblot-
ting. Data revealed that the phosphorylation of Akt was inhibited by
daucosterol (20 and 40 μM) (Fig. 8A). Protein expression of PTEN was
also increased in a dose dependent manner (Fig. 8A) upon daucosterol
treatment. PTEN functions as a negative regulator of the PI3K/Akt path-
way,whichhas crucial roles in cell proliferation, survival, differentiation
and migration. We hypothesized that daucosterol may disrupt these
cellular processes primarily via activation of the PTEN gene. To test
this hypothesis, we examined whether daucosterol up regulated the
Fig. 7.Daucosterol induces ROS generation and causes GSH depletion inMCF-7 cells. (A) A graph showing the effect of daucosterol on cellular ROS production. After treatmentwith daucosterol
for 24h, cellswere incubatedwith10 μMDCFH-DA for 30min and then immediately subjected to analysis. (B)Agraph showing the effect of daucosterol on the cellularGSH level. (C)Histograms
showing the effects of exogenous NAC and catalase (CAT) on the daucosterol-induced ROS generation, GSH depletion, MMP disruption, and cell viability of MCF-7 cells. Cells treated with
daucosterol for 24 h with or without pretreatment with 1 mMNAC or 2000 U/ml catalase. The data represent means ± SD of three independent experiments; *p b 0.05 and **p b 0.01 versus
control.
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Daucosterol treatment induced an increase in PTEN mRNA by 2.2 and
3.6-fold in dose dependent manner after 24 h, respectively (Fig. 8B).Fig. 8.Regulation of PI3K/Akt/PTENpathwayby daucosterol inMCF-7 cells. The cellswere treated
these cells and subjected toWestern blot analysis (A). The expression of PTEN in daucosterol-trea
way by quantitative real-time RT-PCR (B). The levels ofmRNA transcriptswere expressed in relati
are signiﬁcantly different from vehicle at p b 0.01.Taken together, these results indicate that the PI3K/Akt pathway plays
an important role in regulating daucosterol-induced apoptosis in
MCF-7 cells.at the indicated concentrations of daucosterol for 24 h.Whole cell lysateswere prepared from
tedMCF-7 cells was analyzed for PTEN gene involved in the regulation of the PI3K/Akt path-
ve (fold) to un-treated cells as control. Values aremean±SD of three determinations. Values
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Nowadays, much effort is being devoted to ﬁnd new drugs that not
only signiﬁcantly induce tumor cell apoptosis, but also have a low
possibility of side effects. Therefore, natural compounds have been a
prime source of highly effective conventional drugs for the treatment
of many forms of cancer and provide leads for the development of
potential novel agents (Cragg and Newman, 2005). β-Sitosterols, is a
plant compound known as a phytosterol, which is the counterpart of
animal cholesterol (Weihrauch and Gardner, 1978). Many biological
effects of β-sitosterol have been described, including anti-inﬂammatory,
immune-modulating, and chemo-preventive activities. These effects
strongly suggest that β-sitosterol might be an effective natural compo-
nent in cancer chemoprevention. It has been reported that β-sitosterol
arrested human prostate and breast cancer cells in the G2/M phase of
the cell cycle and induced apoptosis (Awad et al., 2001). Based on the
similar molecular structure of daucosterol (β-sitosterol glycoside) and
β-sitosterol, we conjecture that daucosterol may also have some effects
on tumor cells. However, theprecisemechanismbywhichdaucosterol in-
duces cell death is not completely understood. The aim of this study was
to determine the capacity of daucosterol to induce apoptosis and identify
the biochemicalmechanisms of this induction in human breast adenocar-
cinoma MCF-7 cells. Initially it was noted that daucosterol inhibited cell
viabilitymeasured throughMTT assay and LDHassay and induced the ap-
pearance of a sub-Gl cell population, considered as a marker of cell death
by apoptosis (Nicoletti et al., 1991). We also ﬁnd in this research that
daucosterol modulates apoptosis induction in MCF-7 cells, including the
proteolytic activity of PARP, DNA fragmentation, and the morphological
changes of MCF-7 cells. Our data explained that daucosterol induces
apoptosis associating with the mitochondrial pathway, which is
demonstrated by the loss of membrane potential and the release of
cytochrome c.
As iswell known, a subset of the Bcl-2 family of pro-apoptotic proteins
directly govern mitochondrial outer membrane permeabilization,
where members of the Bcl-2 family of proteinsmay regulate mitochon-
drial outermembrane permeabilization and function. Bcl-2 proteins canFig. 9. Possible cellular mechanisms involved in daucosterol-induced apoptosis in MCF-7 cells.
PTEN. Daucosterol triggers ROS production, which inducesmitochondrial oxidative stress and th
→ indicates activation and ⊢ indicates inhibition.localize to the outer membrane and are established regulators of apo-
ptosis (Chipuk et al., 2006). In addition, Bcl2 directly induce disruption
in the outermitochondrial membrane and subsequent release of death-
promoting proteins like cytochrome c (Chipuk et al., 2006). In thiswork,
we have shown that pro-apoptotic protein Bax was increased during
treatment with daucosterol and a decrease in the ratio of Bcl-2/Bax was
observed.
Cancer cells, functionwith a heightened basal level of ROS-mediated
signal, which is required for the increased rate of growth, may be more
vulnerable to oxidative stress. Excess oxidative stress could exhaust the
cellular antioxidant capacity and push the ROS stress level beyond a
“threshold”, which would cause cells to die by apoptosis (Pelicano
et al., 2004). The program cell death inducing effect of daucosterol on
MCF-7 cells was associated with an early elevated level of intracellular
ROS. After treatment with daucosterol for 2 h, ROS was increased up
to 4 folds, after 24 h treatment. Simultaneously, this excessive ROS gen-
eration led to a signiﬁcant decrease of intracellular GSH, a main non-
protein antioxidant in the cell, disabling cell to clear intracellular ROS
(Rhee et al., 2005). Our data indicate that daucosterol caused signiﬁcant
reduction of intracellular GSH on MCF-7 cells. In addition, in order to
conﬁrm the apoptotic effect of daucosterol mediated by ROS, antioxi-
dants NAC and catalase were utilized to demonstrate this. Both NAC
and CAT inhibited the cytotoxicity of daucosterol associated with sup-
pressed ROS generation and GSH depletion. Our results also indicated
that daucosterol induced a decrease of MMP in MCF-7 cells. In addition,
relevant to the timing of ROS burst and MMP depolarization, the ROS
burst occurred before intracellularMMP depolarization. This is support-
ed by the evidence that we obtained from MCF-7 co-incubated with
daucosterol and antioxidant NAC or catalase. Both NAC and catalase
blocked theMMP depolarization completely. These results demonstrate
that the ROS burst was a pre-requisite for MMP collapse and cell death
induction by daucosterol.
The PI3K/Akt signaling network is crucial to widely divergent phys-
iological processes that include cell cycle progression, differentiation,
transcription, translation and apoptosis (Brazil et al., 2004; Hanada
et al., 2004). It has been reported that the activated PI3K/Akt pathwayTreatment of MCF-7 cells with daucosterol results in PI3K/Akt inhibition by up-regulating
e subsequent release of cytochrome c followed by caspase-3 activation and apoptosis. The
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Downward, 2004). Inhibition of Akt activity stimulates apoptosis in
a wide range of mammalian cells (Lei et al., 2005). Therefore, the
PI3K/Akt pathway is an attractive target for the development of novel
therapeutic strategies in patients with various tumor types. Akt 1, 2
and 3 are three isoforms with high sequence homology encoded by
three separate genes (Nakatani et al., 1999). Ampliﬁcation of Akt 2
gene has been found in some cases of ovarian cancer, breast cancer
and pancreatic cancer (Ruggeri et al., 1998). In the present study, we
have analyzed protein expression of p-Akt and total Akt in MCF-7 cell
lines. Daucosterol decreased the expression of p-Akt and total Akt in
MCF-7 breast cancer cell lines. To elucidate how daucosterol treatment
inhibits the activation of Akt in MCF-7 cells, we detected the expression
of PTEN, a negative regulator of the PI3K/Akt pathway. The PTEN (phos-
phatase and tensin homolog deleted on chromosome 10) protein is a
lipid phosphatase with putative tumor suppressing abilities, including
inhibition of the PI3K/Akt signaling pathway. Inactivating mutations
or deletions of the PTEN gene, which result in hyper-activation of the
PI3K/Akt signaling pathway, are increasingly being reported in human
malignancies, including breast cancer, and have been related to features
of poor prognosis and resistance to chemotherapy and hormone therapy
(Carnero et al., 2008, review). Therefore, we hypothesized that
daucosterol induced its antitumor effect by regulating the expression of
PTEN. RT-PCR analysis conﬁrmed that PTEN mRNA was increased in
daucosterol-treated MCF-7 cells. This ﬁnding suggests that daucosterol
upregulated the expression of the PTEN in MCF-7 cells, leading to inacti-
vation of PI3K/Akt pathway and subsequent apoptosis induction via
regulation of downstreameffectors. Thus, daucosterolmaybe an effective
anti-cancer agent with the ability to induce growth arrest and apoptosis
via the up regulation of PTEN. A schematic diagram of this model is
shown in Fig. 9.
5. Conclusion
Our results illustrated the effects of daucosterol on MCF-7 cells and
found that daucosterol inhibited cell proliferation by inducing apoptosis.
This study addressed the molecular mechanism of apoptosis caused by
oxidative stress associated with mitochondrial and then referred to
PI3K/Akt initially. In addition, Bcl-2 family members and caspase cascade
have also contributed to apoptosis. Findings in this study provided pre-
liminary experimental evidences supporting the relevance of the possibil-
ity for daucosterol to be considered as one of the novel pharmacological
treatment strategies in MCF-7 cells.
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